Firing-through paste used for rear-side metallization of p-type monocrystalline silicon passivated emitter and rear contact (PERC) solar cells was developed. The rear-side passivation Al 2 O 3 layer and the SiN x layer can be effectively etched by the firing-through paste. Ohmic contact with a contact resistivity between 1 to 10 mΩ·cm 2 was successfully fabricated. Aggressive reactive firing-through paste would introduce non-uniform etching and high-density recombination centers at the Si/paste interface. Good balance between low resistive contact formation and relatively high open-circuit voltage can be achieved by adjusting glass frit and metal powder content in the paste. Patterned dot back contacts formed by firing-through paste can further decrease recombination density at the Si/paste interface. A P-type solar cell with an area of 7.8 × 7.8 cm 2 with a V oc of 653.4 mV and an efficiency of 19.61% was fabricated.
Introduction
In the last two decades the efficiency of large-area crystalline Si solar cells has been increased significantly. The efficiency increase was mainly ascribed to the new concepts introduced to the crystalline Si solar cell structure, such as passivated emitter and rear contact (PERC), heterojunction with intrinsic thin layer (HIT), and tunnel oxide passivated contact [1] [2] [3] . In industry, the structure of full-area aluminum-back-surface-field Si solar cell has been gradually replaced by a PERC structure solar cell [4] [5] [6] [7] . For a PERC Si solar cell, the first step to make back contact at the rear side of a Si wafer with passivation layer stack is laser contact opening (LCO) [8] [9] [10] , namely, using a laser to remove the passivation layer. Then, a full area Al layer is screen-printed. In this way, good quality contact can be achieved at the LCO area [11] [12] [13] .
Local contact openings in a PERC solar cell can be made by printing etching paste [14] , laser ablation, photolithography or mechanical scribing [15] . Laser ablation has been considered to be one of the best candidates for fabricating an industrial PERC cell. Laser processing eliminates physical contact, thus minimizing the probability of contamination. Laser processing speed can be extremely
Materials and Methods
Semi-finished PERC solar cells with area of 78 × 78 mm 2 were fabricated by Trina Solar Limited Company. The PERC solar cell has a structure of SiN x (80 nm)/n + -Si/p-Si/Al 2 O 3 (10 nm)/SiN x (80 nm). Cz-Si p-type wafers with a resistivity of~1 Ω·m and a thickness of~150 µm was employed for solar-cell fabrication. The SiNx and Al 2 O 3 layers were prepared by plasma-enhanced chemical vapor deposition (PECVD). In this study, laser opening was not applied at the Si cell back side.
The firing-through pastes made in this study was composed of organic binder, glass frit, and Al powder or Al-Si eutectic metal powder. First, the paste components were mixed in a plastic jar, then the plastic jar was put into a high-speed centrifugal machine to mix the paste well. The mixed materials were dispersed on a roll mill to fully mix together the components of the paste. In this study 4 types of pastes were fabricated, and we named them paste 1, 2, 3, and 4. Paste 1 and 2 were made of the same glass frit using different conductive powder, Al-Si eutectic metal powder for paste 1 and Al powder for paste 2, respectively. Paste 2, 3 and 4 were made of the same Al powder component but with three different kinds of glass frits. The glass frits in paste 2, 3 and 4 were made of the same oxides using different weight ratio among the oxides. The oxides in the glass frit were PbO, SiO 2 , ZnO, Li 2 CO 3 , Cs 2 CO 3 , Sb 2 O 3 and H 2 BO 3 .The different weight ratio among the oxides can get glass powder with different reaction ability. The main component of change was PbO and SiO 2 , and the best percentage of PbO and SiO 2 in the glass frit was PbO: 50-60 wt.%, SiO 2 5-10 wt.%. The firing-through paste was screen-printed on the back side of Si PERC solar cells and then dried for 3 min at 200 • C in an oven in the atmosphere. The solar cell front Ag grid was then screen-printed, and finally the finished PERC solar cells were fired in a belt furnace with a peak temperature at~750 • C.
The solar cell current-voltage (J-V) curves were measured under the standard AM1.5 illumination (1 kW/m2, 25 • C) on a solar J-V tester (IVT Solar Pte Ltd., Shanghai, China). The contact resistivity was measured by transfer-line measurements (TLM) on 10-mm-width stripes with equidistant metallization lines. The morphology of the pastes and the microstructures of the cells were all characterized by using a field-emission scanning electron microscope (FE-SEM, Sirion 200, HITACHI, Tokyo, Japan). The firing through reaction phenomenon at the paste/SiN x /Al 2 O 3 /Si interface was studied by using micro-Raman scattering. Raman spectra were recorded in a backscattering configuration using a Renishaw Micro-Raman spectrometer (Blue Scientific, Cambridge, UK). The laser lines 532 nm (solid state green laser) was used as the excitation sources. The laser light spot was fixed to a size of about 1 µm.
Results
Currently the chemical composition of an aluminum paste used for full-area back side metallization on a Si wafer cannot fire through the passivation stack, which is usually composed of an Al 2 O 3 and a SiN x layer. It is necessary to develop paste that can fire through the Al 2 O 3 /SiN x bilayer stack without laser opening. Figure 1a shows the PERC solar cell back-side metallization fabrication process. For the fabrication of conventional bifacial Si PERC solar cell, the Al 2 O 3 /SiN x passivation layer stack at the back side of a PERC solar cell is first removed by a laser-opening process, and then Al paste is screen-printed on the laser opening area. Then the solar cell module was heat treated at a relatively high temperature to achieve contact metallization and form a back surface field. In this study firing-through paste was designed to react with the Al 2 O 3 /SiN x stack and then form a back surface field layer in the Si substrate, as shown in Figure 1b . In this case, the laser opening was not needed. This simplifies the cell fabrication process and would reduce the solar-cell fabrication cost. Figure 2a shows the pattern of firing-through paste screen-printing on the rear side. For this study, Figure 2b shows the photograph of a finished solar cell with back contact fabricated by using firing-through paste which was screen-printed on the cell rear side.
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The J-V curves of the four p-type Si solar cells fabricated with the four different types of Al pastes are shown in Figure 9 . The specific contact resistivity ρ c is 1.1, 55.4, 124.3, and 234.1 mΩ·cm 2 for the four Si cells with pastes 1 to 4, respectively. For the most reactive paste 1, it can be seen that a low resistivity ρ c in the order of 1.0 mΩ·cm 2 was successfully achieved. Figure 9b shows the dependence of the fill factor FF and the open-circuit voltage V oc on the contact resistivity. With a low specific contact resistivity, the solar cell fill factor was increased. However, as discussed above and shown in Figure 5 , for the solar cell with the most reactive paste 1, the open-circuit voltage was 6 mV lower than that of the cell with the paste 4. This was induced by the increased carrier recombination at the Si/paste interface. For the Si cell fabricated with paste 4, the Si/paste interface was rather uniform, but the firing-through reaction between the passivation stack and the paste was far less than that of the cell with paste 1. This led to a much high specific contact resistivity ρ c of 234.1 mΩ·cm 2 and low fill factor of 70.1%. shown in Figure 5 , for the solar cell with the most reactive paste 1, the open-circuit voltage was 6 mV lower than that of the cell with the paste 4. This was induced by the increased carrier recombination at the Si/paste interface. For the Si cell fabricated with paste 4, the Si/paste interface was rather uniform, but the firing-through reaction between the passivation stack and the paste was far less than that of the cell with paste 1. This led to a much high specific contact resistivity ρc of 234.1 mΩ·cm 2 and low fill factor of 70.1%. It can be seen from this study that the paste 1 is the most reactive paste to fire through the passivation stack. In the Al paste, the active component to etch the passivation stack was the glass frit. In order to enhance the fire-through etching process, we have made glass pastes, in which Al was not added. In this case, the glass frit would be more intensely and physically contacted with the passivation stack, while for Al paste, a significant part of the surface of a passivation stack would be occupied by the Al particles in the paste. Al particles are not the reactive component for the fire-through process. Therefore, glass frit components would be more critical for Al paste to fire through the passivation stack. In order to demonstrate the etching effect of glass frit on solar cells, two types of glass pastes, in which no Al was added, were prepared and screen printed on two PERC Si solar cells. The glass frit components in the two glass pastes were the same as that of the glass frit in the paste 1 which makes sure an efficient etching reaction between the glass frit and the passivation stack, as discussed above. The difference between the two glass pastes made in this study was only that the solid glass frit was 10% and 30% of the total glass paste, respectively. Figure  10a ,b show the surface morphologies of two fingers made with the two different glass pastes after firing in a furnace with a peak temperature around 500 °C. As shown in Figure 10b , the clear edges between the glass paste and the Si substrate demonstrated that a significant reaction had occurred between the glass frit and the passivation stack. After the heat treatment, a full area Al paste layer was screen printed on the two solar cells and the cells were fired in a furnace. The peak heat treatment temperature was 750 °C. In order to verify directly whether the firing through reaction has occurred, the two Si cells were then etched in HCl to remove the Al fingers. Figure 10c,d show the finger morphology after the finger removal. It can be seen that the finger area was uniformly fired through for the glass paste with 30% solid glass as shown in Figure 10d . For the finger fired with 10% glass frit, the finger was not uniformly fired through, as shown in Figure 10c . However, the etching reaction was still significant. This was confirmed by the J-V curve measurements, shown in Figure 11a ,b. The solar cell short circuit currents were 39.71 and 39.60 mA/cm 2 , the Voc were 0.6479 and 0.6401 V, the fill factors were 74.6% and 74.0%, and the efficiency were 19.19% and 18.76%, for the two solar cells fabricated with 30% and 10% solid glass frit, respectively. It can be seen that the Voc of the cell using the 10% glass frit was 7.8 mV lower than that used the 30% glass frit. This was induced by a relatively high density of spikes observed in the Si for the 10% glass frit cell, as shown in Figure 10e . The spikes ran deep into the Si, therefore increasing carrier recombination around the spikes leading to the loss of its Voc. For the 30% glass frit cell, the reaction between the Al paste and the passivation stack was more uniform compared to the 10% glass frit cell, as shown in Figure 10f . It can be seen from this study that the paste 1 is the most reactive paste to fire through the passivation stack. In the Al paste, the active component to etch the passivation stack was the glass frit. In order to enhance the fire-through etching process, we have made glass pastes, in which Al was not added. In this case, the glass frit would be more intensely and physically contacted with the passivation stack, while for Al paste, a significant part of the surface of a passivation stack would be occupied by the Al particles in the paste. Al particles are not the reactive component for the fire-through process. Therefore, glass frit components would be more critical for Al paste to fire through the passivation stack. In order to demonstrate the etching effect of glass frit on solar cells, two types of glass pastes, in which no Al was added, were prepared and screen printed on two PERC Si solar cells. The glass frit components in the two glass pastes were the same as that of the glass frit in the paste 1 which makes sure an efficient etching reaction between the glass frit and the passivation stack, as discussed above. The difference between the two glass pastes made in this study was only that the solid glass frit was 10% and 30% of the total glass paste, respectively. Figure 10a ,b show the surface morphologies of two fingers made with the two different glass pastes after firing in a furnace with a peak temperature around 500 • C. As shown in Figure 10b , the clear edges between the glass paste and the Si substrate demonstrated that a significant reaction had occurred between the glass frit and the passivation stack. After the heat treatment, a full area Al paste layer was screen printed on the two solar cells and the cells were fired in a furnace. The peak heat treatment temperature was 750 • C. In order to verify directly whether the firing through reaction has occurred, the two Si cells were then etched in HCl to remove the Al fingers. Figure 10c,d show the finger morphology after the finger removal. It can be seen that the finger area was uniformly fired through for the glass paste with 30% solid glass as shown in Figure 10d . For the finger fired with 10% glass frit, the finger was not uniformly fired through, as shown in Figure 10c . However, the etching reaction was still significant. This was confirmed by the J-V curve measurements, shown in Figure 11a ,b. The solar cell short circuit currents were 39.71 and 39.60 mA/cm 2 , the V oc were 0.6479 and 0.6401 V, the fill factors were 74.6% and 74.0%, and the efficiency were 19.19% and 18.76%, for the two solar cells fabricated with 30% and 10% solid glass frit, respectively. It can be seen that the V oc of the cell using the 10% glass frit was 7.8 mV lower than that used the 30% glass frit. This was induced by a relatively high density of spikes observed in the Si for the 10% glass frit cell, as shown in Figure 10e . The spikes ran deep into the Si, therefore increasing carrier recombination around the spikes leading to the loss of its V oc . For the 30% glass frit cell, the reaction between the Al paste and the passivation stack was more uniform compared to the 10% glass frit cell, as shown in Figure 10f . This observation was also confirmed by the dark J-V measurements shown in Figure 11b . The 10% glass frit cell showed an increased leakage current at the reverse applied voltage. This observation was also confirmed by the dark J-V measurements shown in Figure 11b . The 10% glass frit cell showed an increased leakage current at the reverse applied voltage. In order to reduce carrier recombination at the rear surface of PERC solar cells, point contacts were designed and fabricated with the same paste-etching processes as discussed in Figure 10 . The solar cell contact structure and the light J-V curve are shown in Figure 12 . The solar cell demonstrated a high open-circuit voltage of 0.6534 V, the fill factor was 73.1%, and the efficiency was 19.61%. The dark J-V curves of the cells with screen printing firing-through line paste 1 and point contact are shown in Figure 12b . It can be seen that the Si cell with point contact had lower leakage current, which was ascribed to the reduced rear surface recombination compared to the firing-through paste with line shape. Figure 12e shows the cross-sectional SEM image of one point contact. It was found that 80% of all the point contacts showed such an inverted pyramid shape. Small contact area and uniform etching for the point contact solar cell led to relatively high open-circuit voltage of 0.6534 V. This Voc value is one of the highest values for all the firing through solar cells fabricated in this study. The fill factor was relatively low, 73.1%, which was induced by the relatively high series resistance due to the small contact area shows in the Figure 12c . This observation was also confirmed by the dark J-V measurements shown in Figure 11b . The 10% glass frit cell showed an increased leakage current at the reverse applied voltage. In order to reduce carrier recombination at the rear surface of PERC solar cells, point contacts were designed and fabricated with the same paste-etching processes as discussed in Figure 10 . The solar cell contact structure and the light J-V curve are shown in Figure 12 . The solar cell demonstrated a high open-circuit voltage of 0.6534 V, the fill factor was 73.1%, and the efficiency was 19.61%. The dark J-V curves of the cells with screen printing firing-through line paste 1 and point contact are shown in Figure 12b . It can be seen that the Si cell with point contact had lower leakage current, which was ascribed to the reduced rear surface recombination compared to the firing-through paste with line shape. Figure 12e shows the cross-sectional SEM image of one point contact. It was found that 80% of all the point contacts showed such an inverted pyramid shape. Small contact area and uniform etching for the point contact solar cell led to relatively high open-circuit voltage of 0.6534 V. This Voc value is one of the highest values for all the firing through solar cells fabricated in this study. The fill factor was relatively low, 73.1%, which was induced by the relatively high series resistance due to the small contact area shows in the Figure 12c . In order to reduce carrier recombination at the rear surface of PERC solar cells, point contacts were designed and fabricated with the same paste-etching processes as discussed in Figure 10 . The solar cell contact structure and the light J-V curve are shown in Figure 12 . The solar cell demonstrated a high open-circuit voltage of 0.6534 V, the fill factor was 73.1%, and the efficiency was 19.61%. The dark J-V curves of the cells with screen printing firing-through line paste 1 and point contact are shown in Figure 12b . It can be seen that the Si cell with point contact had lower leakage current, which was ascribed to the reduced rear surface recombination compared to the firing-through paste with line shape. Figure 12e shows the cross-sectional SEM image of one point contact. It was found that 80% of all the point contacts showed such an inverted pyramid shape. Small contact area and uniform etching for the point contact solar cell led to relatively high open-circuit voltage of 0.6534 V. This V oc value is one of the highest values for all the firing through solar cells fabricated in this study. The fill factor was relatively low, 73.1%, which was induced by the relatively high series resistance due to the small contact area shows in the Figure 12c . 
Conclusions
In this study, firing-through pastes with different etching capability have been developed and have been applied to achieve metallization contact on the rear side of p-type monocrystalline silicon PERC solar cells. The rear-side passivation layer Al2O3 and the SiNx layer can be effectively etched by the firing-through paste. Ohmic contact with a contact resistivity as low as 1 mΩ·cm 2 was obtained for the most reactive paste. However, when the metallization contact resistance was low, the open-circuit voltage was also lower than that of the cells with higher metallization contact resistance. A non-uniform etching reaction between the paste and the Al2O3/SiNx would lead to formation of high-density recombinations at the Si/paste interface. Small-area patterned dot back contacts can improve the metallization uniformity during the fire-through process. Even though the majority of the dot contacts showed inverted pyramid contact geometry, carrier recombination was reduced due to the small-contact area at the Si/paste interface. A p-type solar cell with an area of 7.8 × 7.8 cm 2 with a Voc of 0.6534 V and an efficiency of 19.61% was fabricated. 
In this study, firing-through pastes with different etching capability have been developed and have been applied to achieve metallization contact on the rear side of p-type monocrystalline silicon PERC solar cells. The rear-side passivation layer Al 2 O 3 and the SiN x layer can be effectively etched by the firing-through paste. Ohmic contact with a contact resistivity as low as 1 mΩ·cm 2 was obtained for the most reactive paste. However, when the metallization contact resistance was low, the open-circuit voltage was also lower than that of the cells with higher metallization contact resistance. A non-uniform etching reaction between the paste and the Al 2 O 3 /SiN x would lead to formation of high-density recombinations at the Si/paste interface. Small-area patterned dot back contacts can improve the metallization uniformity during the fire-through process. Even though the majority of the dot contacts showed inverted pyramid contact geometry, carrier recombination was reduced due to the small-contact area at the Si/paste interface. A p-type solar cell with an area of 7.8 × 7.8 cm 2 with a V oc of 0.6534 V and an efficiency of 19.61% was fabricated.
